1. Dendritic patch-clamp recordings were obtained from mitral cells in rat olfactory bulb slices, up to 350 ìm from the soma. Simultaneous dendritic and somatic whole-cell recordings indicated that action potentials (APs) evoked by somatic or dendritic current injection were initiated near the soma. Both the large amplitude (100·7 ± 1·1 mV) and the short duration (1·38 ± 0·07 ms) of the AP were maintained as the AP propagated back into the primary mitral cell dendrites. 2. Outside-out patches isolated from mitral cell dendrites contained voltage-gated Na¤ channels (peak conductance density, 90 pS ìm¦ 2 at −10 mV). When an AP was used as a somatic voltage-clamp command in the presence of 1 ìÒ tetrodotoxin (TTX), the amplitude of the dendritic potential was attenuated to 48 ± 14 mV. This shows that dendritic Na¤ channels support the active back-propagation of APs. 3. Dendritic patches contained voltage-gated K¤ channels with high density (conductance density, 513 pS ìm¦ 2 at 30 mV). Dendritic K¤ currents were reduced to 35% by 1 mÒ external tetraethylammonium chloride (TEACl). When an AP was used as a somatic voltageclamp command in the presence of TEACl, the dendritic potential was markedly prolonged. This indicates that dendritic K¤ channels mediate the fast repolarization of dendritic APs. 4. We conclude that voltage-gated Na¤ and K¤ channels support dendritic APs with large amplitudes and short durations that may trigger fast transmitter release at dendrodendritic synapses in the olfactory bulb.
somatic recording indicated that in mitral cells, unlike in cortical neurones, APs with large amplitudes and fast time courses were propagated into the dendrites. Some of the results have been published in abstract form (Bischofberger & Jonas, 1997) .
METHODS
Transverse 250-to 300-ìm-thick slices were cut from the olfactory bulbs of 12-to 22-day-old Wistar rats using a vibratome (Dosaka, Kyoto, Japan); animals were killed by decapitation, according to local regulations. Slices were superfused continuously with physiological extracellular solution containing (mÒ): 125 NaCl, 25 NaHCO×, 2·5 KCl, 1·25 NaHµPOÚ, 2 CaClµ, 1 MgClµ, and 25 glucose, bubbled with 95% Oµ-5% COµ. Mitral cells were identified using infrared differential interference contrast (IR-DIC) videomicroscopy (Spruston, Jonas & Sakmann, 1995) by their location and their large soma size ( Fig. 1 ; Price & Powell, 1970) . To confirm visual identification of cells, a subset of mitral cells was filled with biocytin for 30 min in the whole-cell recording configuration. Slices were fixed in 4% paraformaldehyde, stained with rhodamineconjugated avidin (Vector Laboratories, Burlingame, CA, USA), and examined using epifluorescence illumination (Fig. 1A ).
Patch pipettes were pulled from borosilicate glass tubing (2·0 mm outer diameter, 0·5 mm wall thickness; Hilgenberg, Malsfeld, Germany) and coated with Sylgard (184, Dow Corning). Dendritic recordings were obtained as described previously (Spruston et al. 1995) . Slice from an 18-day-old rat. Scale bar, 100 ìm. B, IR-DIC image of a primary dendrite 260 ìm from the soma. C, soma of the same cell, same magnification. Dendritic patch pipette in cell-attached configuration, somatic pipette before seal formation. Slice from an 17-day-old rat. Scale bar in C, 25 ìm.
used to decrease the charging time of the pipette to < 50 ìs. The mean resting potential of mitral cells was −63·5 ± 0·6 mV and the mean input resistance (measured with hyperpolarizing current pulses, 20-50 pA, 400 ms) was 236 ± 33 MÙ. For the application of APs as somatic voltage-clamp commands, the series resistance was 8-13 MÙ, and both the correction and prediction circuit were enabled (compensation, 80-90 %; lag, 10-30 ìs). Control experiments using two pipettes at the soma showed that the somatic voltage was similar to the command voltage, in the presence of both 1 ìÒ TTX (amplitude, 100·6 ± 4·3 mV; n = 3) and 1 mÒ TEACl (half-duration, 1·6 ± 0·2 ms; n = 3). TTX (1 ìÒ) and TEACl (1 mÒ) did not affect the passive membrane properties as probed by hyperpolarizing current pulses.
To obtain dendritic or somatic outside-out patches, we used 10 MÙ pipettes filled with a solution containing (mÒ): 140 KCl, 10 EGTA, 2 MgClµ, 2 NaµATP, 10 Hepes (pH adjusted to 7·3 with KOH). To record Na¤ channels in isolation, K¤ was replaced by Cs¤ as indicated. To record K¤ channels, 2 mÒ glutathione was added in some experiments; the time course of the recorded currents was the same with and without glutathione. Leak and capacitive currents were subtracted using a PÏ−4 protocol. Patch currents shown in figures represent the averages of sixty sweeps for Na¤ currents and five sweeps for K¤ currents. Conductance densities were calculated assuming a patch area of 1·5 ìm 2 (Sakmann & Neher, 1995) , and reversal potentials of 90 mV for Na¤ currents and −100 mV for K¤ currents.
The amplitudes and durations at half-amplitude of APs were measured from a baseline set at the resting potential. Membrane potentials are given without correction for liquid junction potentials. Values indicate means ± s.e.m. Error bars also represent s.e.m. Significance of differences was assessed by a two-tailed Wilcoxon-Mann-Whitney test at the significance level (P) indicated. The distance of the recording site was measured to the centre of the mitral cell soma. Recordings were made at 22-24°C, unless specified differently. All chemicals were obtained from Sigma or Merck.
RESULTS

Dendritic and somatic APs in olfactory bulb mitral cells
To examine the amplitude and shape of dendritic APs and to determine the site of AP initiation, simultaneous wholecell current-clamp recordings were made from the soma and the primary dendrite of mitral cells (Figs 1 and 2) up to 300 ìm from the soma, close to the apical tuft (300-400 ìm from the soma at postnatal day 22). In the experiment illustrated in Fig. 2A , the dendritic recording site was located 210 ìm from the soma. Depolarizing current injection at the soma (0·1 nA) evoked an AP in both the soma and the dendrite (Fig. 2A) . The peak of the somatic AP preceded that of the dendritic AP by 180 ìs in this experiment, independently of whether the current was injected at the soma (Fig. 2B) or at the dendrite (Fig. 2C) . This indicates that the AP was initiated near the soma and propagated back into the dendrite. The mean backpropagation velocity was 1·0 ± 0·1 m s¢ (11 simultaneous somatic and dendritic mitral cell recordings). In mitral cells, unlike in cortical pyramidal neurones (Stuart & Sakmann, 1994) , both the large amplitude and the fast time course of the AP were conserved during backpropagation into the dendrite. The mean amplitude of the AP at the dendritic recording site was 100·7 ± 1·1 mV (n = 20), similar to that recorded at the soma (101·2 ± 1·0 mV, n = 45, P > 0·5). The constancy of the AP amplitude is further illustrated in Fig. 2D , which shows the AP amplitude plotted against the distance of the recording site from the soma. The mean half-duration of the dendritic AP was 1·38 ± 0·07 ms (n = 20), significantly less than that of the somatic AP (1·65 ± 0·06 ms, n = 45, P < 0·01). At 34°C, the AP amplitude remained unchanged, but the half-duration decreased to 0·62 ± 0·01 ms (n = 5) at the dendrite and 0·70 ± 0·05 ms (n = 6) at the soma. These results indicate that both the large amplitude and the fast time course are maintained during the propagation into the primary mitral cell dendrite.
Dendritic Na¤ channels mediate active AP backpropagation
We next examined whether voltage-activated Na¤ channels were present in the membrane of mitral cell dendrites. In dendritic outside-outside patches voltage pulses to −10 mV evoked transient inward currents that were reversibly blocked by 1 ìÒ external TTX (Fig. 3A) . The peak current amplitude at −10 mV was 13·5 ± 2·5 pA (n = 42). This corresponds to a conductance density of 90 pS ìm¦Â in dendritic patches, slightly, but not significantly, higher than in somatic patches (77 pS ìm¦Â, n = 34, P > 0·5). The homogeneous distribution of voltage-gated Na¤ channels over the somatodendritic membrane of mitral cells is illustrated by the plot of the Na¤ peak current amplitude against the distance of the dendritic recording site from the soma (Fig. 3B) . To determine the contribution of dendritic Na¤ channels to AP propagation into mitral cell dendrites, a somatic AP was digitized and applied as a voltage-clamp command at the soma of the same cell; the resulting voltage change was recorded at the dendrite (Fig. 3C) . The amplitude of the dendritic potentials evoked by AP-like voltage-clamp commands in the presence of 1 ìÒ TTX (Fig. 3C , lower traces) was markedly smaller than that of the backpropagated APs in the absence of TTX (Fig. 3C, upper  traces) . After adding TTX, the amplitude of the dendritic potential decreased to 48 ± 14 mV (range, 20-65 mV; recorded 130-300 ìm from the soma; n = 3; Fig. 3D ), most probably due to low-pass filtering of transient signals by the dendritic cable. These results show that dendritic voltageactivated Na¤ channels support the active back-propagation of APs into the mitral cell dendrites.
Dendritic K¤ channels mediate fast AP repolarization in dendritic outside-out patches (Fig. 4A, upper traces) . The activation time constant (ô) was voltage dependent and decreased from 3·1 ± 0·17 ms at −30 mV to 0·48 ± 0·04 ms at 30 mV (assuming that the rise followed an exponential raised to the 4th power). At 1 mÒ, external TEACl, a blocker of voltage-dependent K¤ channels expressed in mitral cells (Jahr & Nicoll, 1982; Wang, McKenzie & Kemm, 1996) , reversibly reduced the outward currents in dendritic outside-out patches to 35 ± 5 % (n = 4) of their initial amplitudes (Fig. 4A) . Similarly, 1 mÒ TEACl reduced currents in somatic patches to 43 ± 7 % (n = 5). The mean K¤ peak conductance density at 30 mV was 513 pS ìm¦Â in dendritic patches (n = 31), slightly, but not significantly, higher than in somatic patches (390 pS ìm¦Â, n = 16, P > 0·5). This is further illustrated by the plot of K¤ current amplitude against the distance of the dendritic recording site from the soma (Fig. 4B) . To address the impact of dendritic voltage-activated K¤ channels on the fast repolarization of the dendritic AP, we applied an AP as a voltage-clamp command at the soma. The half-duration of the dendritic potentials evoked by APlike voltage-clamp commands in the presence of 1 mÒ external TEACl (Fig. 3C , lower traces) was markedly longer than that of the back-propagated APs in the absence of TEACl (Fig. 3C, upper traces) . After adding 1 mÒ TEACl, the mean half-duration of the dendritic AP increased from 1·4 ± 0·1 to 2·3 ± 0·2 ms (range, 2·0-2·7 ms; recorded 50-300 ìm from the soma; n = 5; Fig. 4D ). This indicates that voltage-gated K¤ channels in mitral cell dendrites mediate fast AP repolarization.
DISCUSSION
Here we report that both the large amplitude and the fast time course of the somatic AP are maintained during AP back-propagation into the dendrites of olfactory bulb mitral cells. The shape of the dendritic voltage signal in mitral cells thus differs markedly from that in other types of neurones (Stuart & Sakmann, 1994; H ausser, Stuart, Racca & Sakmann, 1995; Hoffman, Magee, Colbert & Johnston, 1997) . In cortical pyramidal neurones, the AP is attenuated and prolonged as it invades the dendrites (Stuart & Sakmann, 1994) , and in dopaminergic neurones of the substantia nigra, both dendritic and somatic APs show smaller amplitudes and longer durations (2-3 ms; H ausser et al. 1995) than in mitral cells. Consistent with the large amplitude and the fast time course of the dendritic AP, the Na¤ and K¤ conductance densities in mitral cell dendrites are approximately twofold higher than those described for dendrites of cortical neurones (Na¤ conductance 40 pS ìm¦Â: Stuart & Sakmann, 1994 ; K¤ conductance 50-400 pS ìm¦Â: Hoffman et al. 1997 ). In addition the dendritic K¤ channels of these two cell types differ in functional properties. In pyramidal cell dendrites the K¤ channels activate rapidly independently of voltage (ô = 0·2 ms from −60 to 50 mV; Hoffman et al. 1997 ), thereby strongly attenuating the amplitude of the backpropagating AP. By contrast the activation time constant of the K¤ channels in mitral cell dendrites is steeply voltage dependent, with submillisecond activation only at depolarized potentials (ô = 3·1 ms and 0·48 ms at −30 mV and 30 mV, respectively). Thus the dendritic K¤ channels in mitral cells have only a small effect on the AP amplitude, but markedly shorten the AP duration (Fig. 4) . The dendrites of mitral cells in the olfactory bulb differ from those of other neurone types in their ability to release the fast transmitter glutamate at dendrodendritic synapses (Rall et al. 1966; Price & Powell, 1970; Jahr & Nicoll, 1982) . Mitral cell dendrites thus operate as pre-and postsynaptic elements. The vesicular release of a fast transmitter distinguishes the dendrites of mitral cells from those of cortical neurones which are exclusively postsynaptic (Stuart & Sakmann, 1994) , and from those of dopaminergic neurones in the substantia nigra which release a slow transmitter more diffusely (H ausser et al. 1995) . Consistent with the specific presynaptic function of mitral cell dendrites, both the amplitude and the time course of the dendritic APs are markedly similar to those of APs in glutamatergic axon terminals in the auditory pathway (Forsythe, 1994; Borst, Helmchen & Sakmann, 1995) . Thus a presynaptic voltage signal with large amplitude and rapid time course appears to be required to trigger the release of the fast transmitter glutamate from both dendrites and axon terminals. The impact on the time course of transmitter release (Geiger, L ubke, Roth, Frotscher & Jonas, 1997) , however, remains to be established. 
